The objective of the present study was to develop and validate a discriminative dissolution method for evaluation of carvedilol tablets. Different conditions such as type of dissolution medium, volume of dissolution medium and rotation speed of paddle were evaluated. The best in vitro dissolution profile was obtained using Apparatus II (paddle), 50 rpm, 900 ml of pH 6.8 phosphate buffer as dissolution medium. The drug release was evaluated by high-performance liquid chromatographic method. The dissolution method was validated according to current ICH and FDA guidelines using parameters such as the specificity, accuracy, precision and stability were evaluated and obtained results were within the acceptable range. The comparison of the obtained dissolution profiles of three different products were investigated using ANOVA-based, model-dependent and model-independent methods, results showed that there is significant difference between the products. The dissolution test developed and validated was adequate for its higher discriminative capacity in differentiating the release characteristics of the products tested and could be applied for development and quality control of carvedilol tablets.
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Drug absorption from a dosage form after oral administration depends on the release of the drug substance from the drug product, dissolution and/or solubilization of the drug under physiologic conditions and the permeability of the site of absorption in the gastrointestinal tract. Because of the critical nature of the first two of these steps, in vitro dissolution may be relevant to the prediction of in vivo performance [1, 2] . The evaluation of dissolution profiles is a very important quality measure for solid oral drug delivery systems (tablets and capsules).
In vitro dissolution testing is an economic and useful quality control tool to effectively assure acceptable product quality during different stages of the development and production of tablets, capsules and other solid dosage forms [3] . Dissolution tests can be used (a) to assess the charateristics of the active pharmaceutical ingredient (API), such as the particle size and the crystal form; (b) to guide development of new formulations; (c) to assist in proper formulation selection (selection of excipients) and to optimize the manufacturing process (e.g., compression forces, equipment) during dosage form optimization; (d) to assess the batch to batch quality of a drug product; (e) to compare new or generic formulations with an existing product; (f) to assess the stability of the drug product, helping in establishment of shelf life; (g) to ensure the product quality in case of certain scale-up and post approval changes (SUPAC) like manufacturing site changes, increase or decrease of batch size and small quantitative changes in excipients; (h) to provide a basis for achieving an in vitro/in vivo correlation (to predict product performance in vivo); (i) to minimize the need for bioequivalency studies [3] [4] [5] [6] .
Dissolution study is particularly important for insoluble or poorly soluble drugs, where as absorption is dissolution-rate limited (BCS class II drugs). At the same time, development of a dissolution method for this group of drugs is very challenging.
The discriminatory power of the dissolution method is the method's ability to detect changes in the drug product. Demonstrating the discriminatory power of the dissolution method it is both challenging and important, particularly in monitoring API or formulation parameters critical for optimal product performance of the poorly soluble compound [7] . For water insoluble drugs, difficulties are usually encountered in selecting a dissolution medium of acceptable volume and composition as well as a good discriminating power. When dissolution test is not defined in the monograph of the dosage form, or if the monograph is not available, comparison of drug dissolution profiles is recommended in three different dissolution media, in the pH range of 1-7.5 [8] . The choice of the best medium, i.e. one that can discriminate between critical manufacturing variables is crucial in such cases [9] . Dissolution medium must provide sink conditions (i.e, saturation solubility is at least 3 times more than the drug concentration in the dissolution medium as outlined in USP) [10] .
The simplest way to compare dissolution profiles of test and reference formulations is to check the percentage of drug dissolved in the dissolution medium after a certain period of time. For rapidly dissolving drug products, the use of single point comparison of the dissolution profiles may be sufficient. However especially in the case of slowly dissolving or poorly water-soluble drugs, comparison of the multiple time points is recommended by the Food and Drug Administration (FDA). Comparison of multiple time point dissolution profile is necessarily more complex than with a single point test. In the literature, several methods to evaluate and compare the multiple time points dissolution profiles, such as ANOVA-based, model-dependent and modelindependent methods are reported [3, 6, 8, 11] .
Carvedilol, 1-(9H-carbazol-4-yloxy)-3-[2-(2-methoxyphenoxy)ethylamino]propan-2-ol, is a nonselective β-adrenergic blocking agent with α 1 -blocking activity. It is widely used in clinical practice for the treatment of cardiovascular diseases like hypertension, congestive heart failure and myocardial infarction, etc. It is a white to off-white crystalline powder, practically insoluble in water, gastric and intestinal fluids. Carvedilol is a weak base (pK a value is approximately 7.8) and lipophilic drug (log P value is about 3.967). It is categorized under BCS class II. The dose of carvedilol is 25 mg twice a day, however, a lower effective dose is reported as 3.125 mg. Its absolute bioavailability is considerably low, i.e., about 25% due to first-pass metabolism, and its plasma half-life is about 6 h [12] [13] [14] [15] [16] .
Carvedilol in its pure form is official only in European Pharmacopoeia. Simulated gastric fluid without enzyme (SGF) is mentioned as the dissolution medium for the dissolution testing of carvedilol tablets by FDA under listed drugs [17] . However this medium is not suitable for discriminating the dissolution testing to support product development for the dosage form. Hence the objective of present study is to develop a discriminating dissolution method for carvedilol tablets to support product development and quality control efforts.
The initial part of the study is focused on the selection of suitable dissolution test conditions like paddle speed, volume of medium using different dissolution media including that reported by FDA using commercial product-A. The second part of the study is focused on the validation and optimization of the best dissolution test conditions by comparing dissolution profiles of two different API, varying in their particle size and three different products using ANOVA-based, model-dependent and model-independent methods. 
MATERIALS AND METHODS

Determination of saturation solubility:
The saturation solubility of carvedilol (API-II) was determined in the following media: 0.1N HCl, SGF, pH 4.5 acetate buffer, pH 6.8 phosphate buffer and distilled water. Experiments were conducted in triplicate. Excess amount of carvedilol was added in each medium in a 10 ml screw-capped vial. The vials were shaken continuously in a shaker for 24 h and temperature was maintained at 37°. The solutions were kept aside at the same temperature for 6 h until equilibrium was achieved. The equilibrated samples were immediately filtered through 0.45 µm Millipore membrane filter and the filtrate was diluted with an appropriate volume of methanol. A 20 µl volume of the sample was analyzed by a reversed phase HPLC method described below.
Dissolution test:
The initial dissolution tests were carried out on product-A by employing USP Apparatus II at 37±0.5º. Each dissolution test was performed in triplicate. In each dissolution testing a paddle speed of either 50 or 75 rpm, different dissolution media (0.1N HCl, SGF, pH 4.5 acetate buffer, pH 6.8 phosphate buffer, distilled water) with either 500 ml or 900 ml were used. Sampling aliquots of 5.0 ml were withdrawn at 5, 10, 15, 30, 45, 60 and 120 min replaced with an equal volume of the fresh medium maintained at the same temperature. After the end of each test time, samples aliquots were filtered through 0.45 µm membrane filter, diluted with respective dissolution medium, when necessary and then analyzed by HPLC method described below.
Estimation of carvedilol in the dissolution samples:
The drug content of the carvedilol sample solutions was determined by HPLC using Shimadzu liquid chromatography (Shimadzu Corporation, Kyoto, Japan) equipped with a model LC-10ATVP binary pump and model SPD-M10AVP PDA detector using the stationary phase 250×4.6 mm LiChrospher ® 100 RP-18 octadecyl silane column (5 µm particle size) (Merck, Darmstadt, Germany) with integration by LC Solution Version 1.23 SP1 Software (Shimadzu Corporation, Kyoto, Japan). The mobile phase consisted of a mixture of 0.03M potassium dihydrogen orthophosphate (pH 4.8) buffer:methanol:acetonitrile (58:32:10). The mobile phase was prepared daily and degassed by sonication under reduced pressure and filtered through 0.45 µm membrane filter. The flow rate was set at 1.2 ml/min resulting in a run time of 10 min per sample. The injection volume was 20 µl. Detection was performed at 242 nm and samples were analyzed at room temperature ~25° [ 18] .
Preparation of standard stock solutions:
The stock solution was prepared by dissolving 25 mg of carvedilol in 50 ml volumetric flask with methanol, obtaining a concentration of 500 µg/ml from which seven working standard solutions in the range of 0.5-10 µg/ml were prepared by appropriate dilution with respective dissolution medium (0.1N HCl, SGF, pH 4.5 acetate buffer, pH 6.8 phosphate buffer and distilled water). The solution was filtered in a 0.45 µm membrane filter before injecting into the column.
Validation of the dissolution method:
The selected dissolution test condition was validated for specificity, accuracy, precision and stability according to current ICH and FDA guidelines. The specificity of the dissolution medium was tested by examining the peak interference from the dissolution medium and placebo in comparison with drug by 1) an aliquot of the dissolution medium without drug 2) dissolution medium containing known concentration of drug 3) dissolution medium in which placebo tablet was added 4) dissolution medium added with commercial tablet (product-A). All these samples were stirred at a speed of 100 rpm for 30 min and samples were filtered through 0.45 µm membrane filter and analyzed by HPLC method.
Accuracy of the method was evaluated by the recovery test. It was conducted by adding known amounts of carvedilol reference substance to placebo. A stock solution containing 10 mg/ml of carvedilol was prepared in methanol. Aliquots of 1, 10 and 15 ml of this solution were added to vessels containing dissolution medium for a final volume of 1000 ml kept at 37±0.5º (final concentrations were 10, 100 and 150 mg/ml). Samples were stirred at 150 rpm for 1 h. After that aliquots of each sample were collected and analyzed by HPLC method.
The precision of the method was determined by repeatability in the same day (intra-day) and intermediate precision in two different days (inter-day) were evaluated based on relative standard deviation (RSD) of the results. The same solutions used in the accuracy test were analyzed in order to access the precision of the method.
For solutions stability, solutions of pure carvedilol and product-A were collected after complete dissolution and samples were stored in light at ambient temperature and at 2-8° for up to seven days. Sample aliquots of 5 ml were withdrawn, suitably diluted and analyzed by HPLC method after every 24 h period. Each day the concentrations of drug found in the standard and formulation were compared with concentrations of drug found in the same samples stored at 2-8°.
Methods used to compare dissolution profiles:
The dissolution data were compared by ANOVAbased, Model-dependent (Zero-order, First-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Weibull and Baker-Lonsdale) and Model-independent (f 1 and f 2 factors) methods [6, [19] [20] [21] [22] [23] [24] .
In ANOVA-based method, the differences among drug products A, B and C were tested by comparison of the percentage of drug dissolved at each time point using one-way ANOVA followed by Tukey test, in order to find the source of difference. The calculations were performed using the statistical softwares OriginPro 8 (OrginLab Corporation, MA, USA) and GraphPad Prism 5 (GraphPad Software, Inc. CA, USA). Throughout the study, P≤0.05 was used as the criterion to assess statistical significance.
Carvedilol release kinetic profiles were compared by various model-dependent methods (Table 1) , which were applied considering the percentage of drug released from 0 to 120 min. The modelindependent method includes the difference factor (f 1 ) and the similarity factor (f 2 ). The f 1 is proportional to the average difference between the two profiles, whereas f 2 is inversely proportional to the average squared difference between the two profiles, with emphasis on the larger difference among all the time points. The use of these factors was also recommended for dissolution profile comparison in the FDA's guidelines for industry [25] . The factors are defined by Eqns. 1 and 2, where n is the number of dissolution sample times and R t and T t are the individual or mean percent dissolved at each time point, t, for the reference and test dissolution profiles respectively. According to the FDA's guidelines f 1 values lower than 15 (0-15) and f 2 values greater than 50 (50-100) show the similarity of the dissolution profiles [3, 6, 26] . 
RESULTS AND DISCUSSION
The lack of a predictive ability of the present FDA recommended dissolution method for carvedilol is attributed to a higher solubility of carvedilol in the recommended dissolution medium and higher agitation intensity which would practically mask, if any changes are expected in the performance of formulation. Thus, the objective of the present study was to evaluate carvedilol from three different products using USP Type II apparatus and compared with the recommended FDA method (SGF).
Solubility plays a prime role in the dissolution of a drug substance from a solid dosage form. Correlations between solubility and intrinsic dissolution rate of different drug substances in various media are well established [9] . The results of the solubility study and the influence of sink conditions of 
Baker-Lonsdale carvedilol are summarized in Table 2 . It showed wide variation in solubility in physiological pH range. Carvedilol exhibited higher solubility in pH 4.5 acetate buffer, SGF and 0.1N HCl. In case of pH 6.8 phosphate buffer, solubility was found to be less as compared to solubility in acidic conditions. The solubility of carvedilol in distilled water was found to be 2.89 µg/ ml. The ratio of solubility to drug concentration (dose), expressed as Cs/Cd, represents the closeness to sink conditions; a sink condition occurs when the amount of drug that can be dissolved in the dissolution medium is three times greater than the amount of drug to be dissolved. A low Cs/Cd ratio shows the existence of non-sink conditions.
The rate of drug dissolution will be slowed by the limited solubility of the drug in that medium. In the present study, the value of Cs/Cd was <3 in water and exhibited non-sink conditions.
The suitable dissolution test conditions were selected based on a screening study with product-A tablets, using USP apparatus II at the stirring speeds of 50 and 75 rpm. The tablets were tested in 500 and 900 ml of 0.1N HCl, SGF, pH 4.5 acetate buffer, pH 6.8 phosphate buffer and distilled water ( fig. 1 ).
Product-A tablets showed very similar dissolution profiles with respect to paddle speed (50 and 75 rpm) and different volumes (500 and 900 ml) of various media (0.1N HCl, SGF and pH 4.5 acetate buffer) and more than 95% drug released within 10 to 15 min. No discrimination was observed in above dissolution test conditions. There was no difference in percentage of drug release at 50 and 75 rpm in different volumes (500 and 900 ml) of the above media (0.1N HCl, SGF and pH 4.5 acetate buffer) because of its high solubility.
In distilled water, drug release from product-A was less than 60% at different paddle speeds (50 and 75 rpm) with different volumes of the medium (500 and 900 ml). However, incomplete dissolution might be due to lack of sink conditions. This was evident from Cs/ Cd ratio obtained above i.e. <3. The use of distilled water in dissolution testing is usually not recommended primarily due to its limited buffering capacity [1, 27] .
It was observed that more than 85% of drug was released from product-A at 60 min in 900 ml of pH 6.8 phosphate buffer at 50 and 75 rpm. Whereas in 500 ml pH 6.8 phosphate buffer at 50 and 75 rpm, the percentage of drug release observed was less than 65%. This indicated that the required drug release was not achieved in 500 ml of pH 6.8 phosphate buffer at both paddle speeds due to maintenance of non-sink conditions throughout the dissolution process (Cs/Cd ratio <3). From the obtained results it was observed that rate of dissolution of carvedilol was increased with increase in the volume of the dissolution medium. Product-A showed increased drug release in 900 ml of pH 6.8 phosphate buffer at both the speeds when compared to 500 ml of the same medium due to the maintenance of sink conditions throughout the dissolution process. Use of the slowest calibrated paddle speed (50 rpm) results in a method with a steeper drug release profile, typically leading to a higher discriminating power [28] . Hence the paddle speed 50 rpm was selected. USP apparatus II, 50 rpm, 900 ml of pH 6.8 phosphate buffer were chosen as the conditions for the dissolution method. The drug release profile obtained in the developed dissolution test was considered satisfactory.
The dissolution characteristics of different particle size distribution of API-I (d 10 µm) were studied in 900 ml of pH 6.8 phosphate buffer and SGF and 50 rpm paddle speed. The percentage drug release from the both the APIs was >50% in 60 min in SGF, whereas in the developed pH 6.8 phosphate buffer the percentage drug release from both APIs was in the range of 23-35% ( fig. 2) . Though there is no significant difference in the carvedilol release from both the APIs in the pH 6.8 phosphate buffer, but it could differentiate both the APIs with respect to particle size. API-II has more fine particles compared to API-I and hence more drug is released from API-II compared to API-I. As the solubility of the drug is more in SGF it failed to discriminate both the APIs with respect to particle size.
The dissolution profiles for the three products of carvedilol tablets (product-A, B and C) in 900 ml of pH 6.8 phosphate buffer, SGF and 50 rpm paddle speed are shown in fig. 3 . A significant difference (P<0.05) in the percentage drug release in pH 6.8 phosphate buffer between the three products of carvedilol tablets was observed (>85% for product-A and B and >65% for product-C respectively at 60 min). However, when SGF was used as dissolution medium as specified by the FDA, >95% drug release was obtained for the three products in 60 min and no significant difference in dissolution was observed (P>0.05).
Based on the above results, this dissolution test conditions (pH 6.8 phosphate buffer) were considered as discriminative because of differentiation between the products having differences in pharmaceutical attributes (formulation and/or manufacturing processes differences), different products such as generics and between unmicronized and micronized APIs. From the study of percentage drug release profiles it was observed that it is possible to establish dissolution test parameters, which could be used as an alternative to FDA dissolution test for carvedilol tablets. The use of 900 ml of pH 6.8 phosphate buffer at 37°, USP-II dissolution apparatus at the paddle speed of 50 rpm provided discriminative results for products A, B and C.
Based on the results obtained above, 900 ml of pH 6.8 phosphate buffer with a paddle speed of 50 rpm was selected as discriminative dissolution test conditions for carvedilol and validated.
The HPLC chromatograms of API, placebo and product-A in dissolution medium were compared with chromatogram of blank dissolution medium are fig. 4 . The chromatogram obtained through the injection of the placebo solution did not present any other peak in the same retention time (about 7.7 min) of carvedilol. The chromatographic peak purity tool available in the LC Solution Version 1.23 SP1 Software was used in order to verify the purity. This tool works by analyzing the peak and giving a purity value between 0 and 1. The obtained value was 0.9999, indicating that the analyzed peak was only carvedilol, without interference.
Accuracy of the method was evaluated by the recovery test. Percentage recoveries from 95.0 to 105.0% are recommended for the accuracy test [29] [30] . The mean recovery was found to be in the range of 99.5 to 102.9 % for carvedilol. The recovery results (Table 3) showed that the dissolution method was accurate. Results for the intra-day and inter-day precision are summarized in Table 4 . The RSD value is less than 2% and showed that the dissolution method has good precision. Stability of carvedilol in the dissolution medium (pH 6.8 phosphate buffer) was evaluated using standards and samples. The drug content of the samples was within 98-102% of the initial value over the 7 day test period and no degradation products were observed in any of the chromatograms. Carvedilol was found to be stable in dissolution medium alone and in the presence of excipients.
Statistical significance was determined between the three products in terms of percentage of drug released at each time point using ANOVA followed by the Tukey post hoc multiple comparison test. The Tukey test showed that products A and B are significantly different from product-C (P<0.05), but product-A is not significantly different from product-B (P>0.05) ( Table 5 ).
Mathematical models have been used extensively for the parametric representation of dissolution data. The dissolution data were fitted to these models and the model which best fits the dissolution data of products was selected according to the higher coefficient of determination criteria. The kinetics of drug release was analyzed from the respective dissolution profiles in order to compare the drug release model of each product. The slope (k) and coefficient of determination (R 2 ) values are presented in Table 6 . Dissolution data of carvedilol tablets were applied to zero-order, first-order, Higuchi, Korsmeyer-Peppas, HixsonCrowell, Weibull and Baker-Lonsdale models ( fig. 5 ). The goodness of fit for various models investigated ) and showed the best suitability for all dissolution data. The derived model parameters, T d (time interval necessary to release 63.2% of the drug) and β (shape factor), were compared in three products using t-test and found to be significantly different (P<0.05).
The values of f 1 and f 2 factors for products A, B and C were calculated from the means of percentage of drug released at each time point by using Eqs. 1 and 2 and the results are listed in Table 7 . According to the f-criteria, it can be concluded that the A/B dissolution profiles were similar and A/C, B/C dissolution profiles were dissimilar.
In conclusion, a robust, discriminating dissolution method was developed for carvedilol tablets. An initial study was conducted by evaluating the dissolution profiles of product-A by using different dissolution media, volume of the medium and paddle stirring speeds. The use of pH 6.8 phosphate buffer at 37±0.5º, 900 ml, 50 rpm provided satisfactory results. Dissolution profiles of API-I and II and product-A, B and C were tested, evaluated in pH 6.8 phosphate buffer and compared with FDA recommended dissolution medium. A new discriminating dissolution test method was developed and validated according to the current ICH and FDA guidelines to support formulation development. ANOVA-based method gave more discrimination and showed that there is statistically significant difference between the products A, B and C. Drug release from the products A, B and C corresponds best to the Weibull model suggests a meaningful comparison of level (location) and homogeneity in profile shape. The comparison of the obtained dissolution profiles was realized by the factors f 1 and f 2 and showed that the profiles were similar for product-B and dissimilar for product-C when compared with the product-A. Each method used here for the comparison of dissolution profiles seems to be applicable and useful. This discriminative dissolution method can be used to optimize the formulation and manufacturing process, to assess the quality and performance of each tablet lot, and to minimize the risk of releasing bioinequivalent product batches in the market. 
